The phase behavior of a biomimetic monolayer consisting of diphospholipid molecules on water is investigated using vibrational sum-frequency generation and fluorescence microscopy. In addition to the transition from the -molecularly disordered -liquid phase to the highly ordered and oriented condensed phase, a novel, extremely sharp transition is observed at low compression, which is attributed to the uncurling of the hydrophobic alkane chains upon compression. DOI: 10.1103/PhysRevLett.90.128101 PACS numbers: 87.16.Dg, 42.65.-k, 68.37.-d, 68.60.-p The interest in the behavior of phospholipid layers on water is due to its importance as a key constituent of biological membranes. Lipid molecules, such as L-1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) under study here, consist of a polar headgroup and two long apolar alkyl chains, as shown in the inset of Fig. 1 . This structure gives rise to fascinating behavior, such as selforganization into different phases [2] . Monolayers are excellent model systems for membrane biophysics, since a biological membrane can be considered as two weakly coupled monolayers [2] . Of particular interest is the phase behavior as a function of lateral pressure, which has been studied with various thermodynamic and spectroscopic techniques [2] . It is clear that insights into the molecular and mesoscopic structure associated with the phase behavior of phospholipid layers are essential for a complete understanding of cell membrane and vesicle properties.
The interest in the behavior of phospholipid layers on water is due to its importance as a key constituent of biological membranes. Lipid molecules, such as L-1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) under study here, consist of a polar headgroup and two long apolar alkyl chains, as shown in the inset of Fig. 1 . This structure gives rise to fascinating behavior, such as selforganization into different phases [2] . Monolayers are excellent model systems for membrane biophysics, since a biological membrane can be considered as two weakly coupled monolayers [2] . Of particular interest is the phase behavior as a function of lateral pressure, which has been studied with various thermodynamic and spectroscopic techniques [2] . It is clear that insights into the molecular and mesoscopic structure associated with the phase behavior of phospholipid layers are essential for a complete understanding of cell membrane and vesicle properties.
We have investigated the phase behavior of a DPPC monolayer on water using vibrational sum-frequency spectroscopy [3] (VSFG) in conjunction with fluorescence microscopy [1] . Second-order nonlinear spectroscopies with their intrinsic surface sensitivity [3] have provided important molecular-level insights into biological surface systems [4] . In particular, VSFG [5] has been used to probe DPPC phospholipid layers at the liquid-liquid interface as well as the kinetics of bilayer formation from vesicle rupture [6] by monitoring C -H stretch vibrations of both CH 2 and terminal CH 3 groups in the alkyl chain. VSFG is a very powerful spatially averaged local probe of molecular structure and orientation and provides information that is complementary to that obtained with the spatially resolved, but molecularly unspecific, fluorescence microscopy [1] .
Using VSFG we observe, for the first time, a very sharp transition from a phase with curled alkyl chains to a phase with spatially extended chains. This transition, occurring at relatively low DPPC densities, cannot be observed with fluorescence microscopy and is not accompanied by significant changes in surface pressure. In addition, we analyze the order and orientation of the alkyl chains throughout the phase diagram. specified (repetition rate 1 kHz). Spectra are obtained by dispersing the VSFG light onto a CCD camera [7] , and averaging for typically 200 s. The pulses, focused down to a 0:4 mm beamwaist, are incident at a 65 angle with respect to the surface normal. Figure 1 depicts the lateral pressure of a DPPC monolayer as a function of surface area per molecule, known to reflect the existence of several phases [1, 2] : a condensed phase at high compression (molecular area A < 47 A 2 =molecule), a liquid condensed (LC) phase, coexisting with the liquid expanded (LE) phase between 50 and 80 A 2 =molecule, and the LE phase for A > 80 A 2 =molecule. At much higher surface areas (A 400 A 2 =molecule), there exists an additional gas (G) phase [2] . Figure 2 depicts three sets of spectra at different polarization combinations (s or p) of the SFG, VIS, and IR light, respectively, indicated in the graph: for the compressed layer (top, 47 A 2 =molecule), in the decompression region (middle, 58 A 2 =molecule), and in the coexistence region (bottom, 65 A 2 =molecule). The absence of signal for other polarization combinations (apart from pss, identical to sps) establishes that the surface is isotropic around its azimuth [8] . The fluorescence microscopy images (Fig. 2 ) reveal the onset of domain formation at 80 A 2 =molecule (not shown in the figure). These domains grow increasingly dense with further compression, in good agreement with previous observations [1] .
TheVSFG spectra I SFG ! can be reproduced very well by an expression for the second-order nonlinear susceptibility consisting of a nonresonant term 2 NR and a resonant term 2 R associated with the vibrational transition, convoluted ( ) with theVIS up-conversion field obtained from its intensity [9] :
where the vibrational resonances are described by their resonance frequencies ! n , linewidths 2ÿ n , and amplitudes A n . A 0 is the amplitude of the nonresonant susceptibility and its phase relative to the vibrational resonances.
For the strongly compressed DPPC layer (47 A 2 =molecule), the three spectra require three resonances, well-established for terminal CH 3 groups: the symmetric stretch at 2878 cm ÿ1 , the asymmetric stretch at 2963 cm ÿ1 , and a Fermi resonance at 2938 cm ÿ1 . As VSFG is inherently sensitive only to media lacking inversion symmetry [3] , CH 2 resonances (at 2850 and 2920 cm ÿ1 ) are absent for a layer with alltrans alkyl chains, since these possess such symmetry [5, 6, 10] . Indeed, upon decompression of the layer to 58 A 2 =molecule, the two CH 2 resonances associated with gauche defects appear: The alkyl chain is no longer perfectly stretched, as demonstrated previously [10] . Further decompression to 65 A 2 =molecule results in a further increase of these CH 2 modes, as well as a marked decrease in the CH 3 intensity, both testimony of disorder in the monolayer. The experimental spectra are fitted under the global constraint of fixed frequencies for the transitions, with linewidths varying in the range ÿ 4:5-7 cm ÿ1 . This constraint results in ineffectual fits for 65 A 2 =molecule (lower panel of Fig. 2 ), since it does not allow for different types of DPPC domains, from which the signals may interfere.
For a fully stretched (all-trans) DPPC molecule, as depicted in Fig. 1 , the transition dipole moment of the FIG. 2. SFG spectra (gray lines) obtained at different polarization conditions (the three letter code next to the spectra indicates polarizations for VSFG, VIS, and IR, respectively), in combination with fluorescence microscopy images (50 m 50 m) at various stages of compression (no structure for full compression). Black lines are fits described in the text. The spectral profile of the VIS up-conversion pulse is depicted in the upper left corner of the upper panel, which also depicts the signal from a bare water surface for ppp combination, reflecting the IR pulse bandwidth.
and 45 with the molecular axis (defined here along the lower of the two alkyl chains in Fig. 1 ). Neglecting this small angular difference and treating the DPPC molecule as two uncorrelated alkyl chains, we can deduce the orientation of the chains, by comparing the amplitude of the 2 (; ; s or p) of the CH 3 C -H stretching mode for the different polarization combinations, as described in detail in Ref. [8] . For the required Fresnel coefficients, the complex refractive indices in air (n 1 ), water (n 2 ), and the interface layer (n 0 1 ) for the three beams are set as n 1 Fig. 3 demonstrates that, starting at very low densities (A 110 A 2 =molecule), no signal is observed in the C -H stretch region, despite the fact that some nonresonant VSFG is generated at the surface. Further compression of the layer leads to the sudden appearance of two resonances around 2850 and 2920 cm ÿ1 , associated mainly with CH 2 moieties in the disordered alkyl chain (although some contribution from the CH 3 groups cannot be excluded; to obtain sufficient signal-to-noise the spectral resolution in this set of experiments is 40 cm ÿ1 ).
These two peaks can be reproducibly (and without significant hysteresis) ''switched on and off '' by very slight recompression and decompression, where the system must be allowed to equilibrate for some 20 sec. Note that the change in surface coverage between the presence and the absence of the signal is less than 1%. The numbers next to the spectra (in parentheses) denote the order in which the spectra were recorded in this particular run. There is a surprisingly sharp and sudden change in the signal (also observed under ppp-polarization conditions) as a function of molecular surface area. This transition is not caused by laser effects: Variation of the pulse energies and laser repetition rate over 1 order of magnitude and beam focus sizes over a factor of 2 does not affect the presence of the transition. We did observe a slight shift in the exact position of the transition, converging to a value of 115 3 A 2 =molecule for low laser power. Further compression of the layer results in spectra (with better resolution) in the center panel, demonstrating that, although the CH 3 peaks grow in intensity, the CH 2 intensity remains constant up to the fully compressed monolayer, where it rapidly drops off. At the LE-LC transition at A 80 A 2 =molecule, observed with fluorescence microscopy, no dramatic changes are observed in the VSFG spectra. This is not surprising since the surface changes at this transition are very slight. The results are summarized in the lower panel of Fig. 3 : With increasing surface area, the amplitude of the CH 3 symmetric stretch ( 2878 cm ÿ1 ) decreases much more strongly than expected from the number of molecules, due to rapid onset of disorder: The signal is largest when all the dipoles are aligned. In contrast, for the CH 2 symmetric stretch ( 2850 cm ÿ1 ), the amplitude rises steeply with surface area due to the onset of disorder to level off at 55 and remain at this value until the signal abruptly disappears at 109 A 2 =molecule. The plateau can be understood by noting that the magnitude of this signal is determined by a competition between the number of CH 2 groups at the surface and the order in the alkyl chain: As their density increases (causing a larger signal), the chainchain interactions also become more dominant, increasing the amount of order (resulting in a smaller signal, see above). Apparently, in the range 55-110 A 2 =molecule, these two effects are in quite precise balance. Surprisingly, for A > 110 A 2 =molecule, the signal abruptly disappears indicating the alkyl chains become extremely disordered and regain inversion symmetry.
This anomalous behavior -the disappearance of VSFG signal for constant surface coverage of alkyl chains -has been observed previously for a surfactant adsorbed to quartz [11] , at a coverage identical to where the transition is observed here: at twice the surface area relative to fully compressed. In these experiments [11] , the surface was in contact with solvents of varying polarity. As apolar solvent molecules interact with the alkyl chains, chain-chain interactions are increased, causing a lengthening and straightening out of the alkyl chains. In contrast, polar solvents were observed to cause a curling up of the chains, due to repulsive solvent-chain interactions; by curling up, the apolar alkyl chain can reduce its exposure to the polar environment, resulting in the disappearance of the VSFG signal. In the case of DPPC, the relative strength of the water-chain interactions is increased as the coverage is decreased, and, apparently, there is a very clear point where the chain-water interactions supersede the chain-chain interactions, resulting in a sudden, conjunct coiling of the chains. As can be observed in the inset of Fig. 3 (lower panel) , the width of the transition is less than 0:4 A 2 =molecule (the fitted line results in a width of 0:2 A 2 =molecule). The narrow range over which the transition occurs can be understood by noting that, if for one chain (i.e., locally) the chain-water interactions exceed the chainchain interactions and this chain curls up, its neighbor will experience less chain-chain interactions, causing it to curl up as well. As a result of this avalanche process, the transition is very sharp. As such, the observed transition cannot be the LE-G transition, which is known to exhibit a very large coexistence region. In contrast to fluorescence microscopy, VSFG is insensitive to first order phase transitions with coexistence regions, such as the LE-G and the LE-LC transition, since the onset of coexistence initially affects only a small fraction of the molecules (and VSFG is a majority probe, as is clear from the lower panel of Fig. 3) . Inversely, as the molecular transition observed here with VSFG does not result in mesoscopic changes like domain formation, it remains undetected using fluorescence microscopy.
Previous observations of a sudden change in the nonlinear response of Langmuir films in second harmonic generation (SHG) studies [12] , as well as the otherwise typical behavior of DPPC as a surfactant [2] , indicate that our observation of a molecular coiled-uncoiled transition is relevant to a wider range of systems.
